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Mining microsatellites from nucleotide sequences
Methods of SSR-mining have gone through a rapid evolution during the past few years. The first approaches relied on visual inspection of sequence. Although manual comparison of a small number of sequences is feasible, standard accuracy criteria are hard to establish, and this method does not scale well for multiple sequences and many microsatellite location. The efficiency of visual inspection is increased when it is performed aided by computer programs that are capable of displaying sequence traces. Computer-aided manual examination was used in the analysis of overlapping regions of genomic clone sequences to detect microsatellites. Although visual inspection remains an integral part of software testing and tuning, demands for fast and reliable detection in large data sets have necessitated the development of automated, computational methods of microsatellites discovery. Once batches of nucleotide sequences with the length higher than approximate 200 base pairs have been accumulated in a species, mining microsatellites from them would be a cheapest way. Recently, with the great progress in genomics and bioinformatics, many in silico approaches are increasingly being used for the development of microsatellite markers in many species. Structured, classified and easy to use microsatellite data have been compiled in various microsatellite databases that have been developed and made available online by various institutions in recent years (Table 1) . Many of these resources are dedicated to mine microsatellites, although they are sometimes by-products of completed or ongoing genome-sequencing projects. A number of algorithms already existed which either directly or indirectly detect tandem repeats, all suffer from significant limitations. One group of algorithms was based on computing alignment matrices, and their primary limitation was excessive running time. Another group of algorithms found tandem repeats indirectly using methods from the field of data compression, which may require that the approximate pattern size and a range for the number of copies be specified. Benson (1999) overviewed microsatellite-finding softwares and presented a new algorithm for finding tandem repeats which works without the need to specify either the pattern or pattern size. The algorithm presented in this paper is designed to overcome many of the aforementioned limitations: (i) it uses the method of ktuple matching to avoid the need for full scale alignment matrix computations; (ii) it requires no a priori knowledge of the pattern, pattern size or number of copies; (iii) there are no restrictions on the size of the repeats that can be detected; (iv) it uses percentage differences between adjacent copies and treats substitutions and indels separately; (v) it determines a consensus pattern for the smallest repetitive unit in the tandem repeat. The program has already been used as a preprocessor in a new alignment algorithm where tandem duplication augments the standard mutation set of insertion, deletion and substitution. This chapter aims to give readers basic concept and know-how about the development of microsatellite markers by data mining from DNA sequences. . As a byproduct of EST or BAC sequencing projects in many organisms, microsatellite-mining from SSR-containing ESTs is inexpensive and time-saving, and has proved to be an effective approach to develop microsatellies for genetic map and population genetics studies in animals and plants (e.g. Yue et al., 2004; Wang et al., 2005; Caire et al., 2005) . STS [http://www.ncbi.nlm.nih.gov/dbSTS/]s are short genomic landmark sequences (1). They are operationally unique in that they are specifically amplified from the genome by PCR amplification. In addition, they define a specific location on the genome and are, therefore, useful for mapping. GSS [http://www.ncbi.nlm.nih.gov/dbGSS/]s are also short sequences but are derived from genomic DNA, about which little is known. They include, but are not limited to, single-pass GSSs, BAC ends, exon-trapped genomic sequences, and AluPCR sequences. EST, STS, and GSS sequences reside in their respective divisions within GenBank, rather than in the taxonomic division of the organism. The sequences are maintained within GenBank in the dbEST, dbSTS, and dbGSS databases. ESTs are particularly attractive for marker development represent coding regions of the genome and putative function can often be deduced by homology searches. While ESTs provide means for the identification of genes, microsatellites provide high levels of polymorphism.
Finding and characterizing repeat motifs
Traditionally, SSR isolation has relied on the screening of genomic libraries using repetitive probes and sequencing of positive clones in order to develop locus-specific primers. These processes are necessary for many organisms but normally time-consuming and laborintensive. Mining SSR from public databases has been streamlined with technological advance and protocol optimization to make the process cheaper, more efficient and more successful, and has proved to be an effective approach to develop microsatellies for genetic map and population genetics studies in animals (Serapion et al., 2004; Yue et al., 2004; Wang et al., 2005; Chen et al., 2005; Pérez et al., 2005; Maneeruttanarungroj et al., 2006) and plants (Cordeiro et al., 2001; Kantety et al., 2002; Chen et al., 2006) . Here, we demonstrate how to mine SSRs from common carp EST data step by step. Table 2 . Characteristics of some important microsatellite search tools
In our study in common carp (Cyprinus carpio), we use software "Tandem Repeat Finder" (Benson, 1999) . All the ESTs were screened for potential microsatellites by using the TRF with the following parameters: match: 2; mismatch 7; indel: 7; PM: mini-score; 30; and max period size 500. Strings of oligo sequences were used to search for microsatellites: 6 repeats for dinucleotides; 4 repeats for trinucleotides, and 3 repeats for tetranucleotides and pentanucleotides as described by Stalling et al (1991 Chen et al., 2005) . The abundance of EST-derived microsatellites seems to be highly speciesspecific in aquacultured animals studied. Most of these common carp EST-SSRs were composed of dinucleotide and trinucleotide repeats. Specifically, the abundance of di-, tri-, tetra-, and penta-nucleotide motifs among these ESTs is 37.2%, 30.8%, 20.4%, and 11.7%, respectively. For dinucleotides, AC/TG is the most abundant (Figure 1a) , which is consistent with previous findings for both Type I and Type II microsatellites in fish (Edwards et al., 1998; David et al., 2001; Serapion et al., 2004) , various plant species (Gupta & Varshney, 2000) , and vertebrates as a whole (Neff & Gross, 2001) . The proportion of the trinucleotide repeats was also not evenly distributed, with the two most frequent types (AAT and ATC) accounting for 24.0% and 23.4% of the total motifs, respectively (Figure 1b) . Dinucleotides are the dominant type of microsatellite repeats in most aquaculture species characterized so far, although trinucleotide repeats are most abundant in plants (Cho et al. 2000; Chen et al., 2006; Kantety et al., 2002) (Fig.2) . 
Other related bioinformatic work
1. Clustering analysis EST sequences were analyzed by cluster analysis using the ContigExpress module in VectorNTI package (available at http://download.invitrogen.com) and linear assembly algorithm was applied. The criteria for clustering were set at a minimum overlap of 30 bases (default is 20 bases). Each cluster was visually inspected to ensure the fidelity of alignment to avoid pseudo-clusters caused by repetitive elements or long strings of microsatellite repeats. In our study, after clustering and assembly, 465 unique microsatellite-containing ESTs were identified, including 400 singletons and 65 contigs (Wang et al., 2007) .
Identification of the known genes
The unique ESTs were then subjected to BLASTx search against the GenBank (protein database) for putative identification of gene function. When accumulated probability of sequence similarity was less than 1×10 4 , the tentative identities were established. The BLASTx results revealed that about 165 of these ESTs showed similarity to genes or proteins of known function (Wang et al., 2007) . 3. Primer design for microsatellites In our study, 60 of the 465 unique ESTs or genes were randomly chosen for pilot tests for primer design, locus amplification and polymorphism. Software 'Primer 3' (http://www.genome.wi.mit.edu/cgi-bin/primer/) was used to design primers for the amplification of repeat regions of interest across the flanking regions. During the primer design, the range of annealing temperature was set up to be between 45 and 55°C, and that of expected size of PCR products 150-250 bp. A single pair of "best" primers was designed and synthesized for each unique EST or gene that contains SSR, and no repeated designs and syntheses of primers were carried out. Here we introduce several tools for primer design (Table 3) .
Name of the tools Features Limitations
Primer 3 Work on line. web; C-language 
Laboratory verification of predicted microsatellites
PCR amplification and polymorphism test for microsatellites
In our study, PCR amplifications of microsatellites were carried out on a thermcycler (PTC-100, MJ Research) by using the following program: 94°C for 5 min, followed by 34 cycles of 94°C for 35s, appropriate annealing temperature for 35s, and 72°C for 50s, and a final extension of 72°C for 10 min. The PCR reactions were performed in a 25 μl-reaction mixture, which contained 2.5 μl 10×reaction buffer, 2 μl Mg 2＋ (1.5mmol•L -1 ), 1μldNTP(10mmol•L -1 ), 0.5U Taq polymerase(2U/μl), 2 μl template DNA , 0.25μl each of the primer (5μmol•L -1 ), and 17 μl sterile water. PCR products were separated in 6% denaturing polyacrylamide gel and visualized by silver staining. Allele sizes were determined by comparison with pBR322 DNA/Msp I markers (Sino-American, Luoyang, China) combined with image analysis as described previously (Tong et al., 2005) . Out of the 60 common carp EST-SSRs for which primers were designed, 54 primers worked (25 polymorphic, 11 monomorphic, 18 with multiple bands) and 6 failed in the common carp. Some of polymorphic EST-SSRs are shown in Fig 3. (TTCAA) 7 (TAA) 10 (TATC) 17 (TC) 14 (TTA) 9 (CT) 7
Fig 3. Polymorphism test for parts of EST-SSRs in common carp (Wang et al. 2007 ).
Twenty-five of the 60 EST-SSRs were found to be polymorphic in a common carp population. The observed heterozygosity of these polymorphic loci ranged from 0.13 to 1.00, and expected heterozygosity ranged from 0.12 to 0.91. The number of alleles of the polymorphic EST-SSRs in common carp ranged from 3 to 17 (mean 7). Of the 60 common carp EST-SSRs, 10 (17%) of them showed polymorphism in a pilot panel in crucian carp (Carassius auratus). In silver carp (Hypophthalmichthys molitrix), only 3 (5%) of these loci were found to be polymorphic. In general, these loci are less polymorphic in crucian carp and silver carp than in their source species (common carp).
Hardy-Weinberg Equilibrium (HWE)
In our study, when the frequencies and distributions of the alleles and genotypes were compared under the HWE expectation for an ideal population (random mating, no mutation, no drift, and no migration), 6 of the 25 loci showed significant departure after Bonferroni correction (P<0.002), and the remaining 19 EST-SSRs were in HWE. A heterozygote excess (also known as homozygote deficit) occurs when the data set contains fewer homozygotes than expected under HWE, and a heterozygote deficit (also known as homozygote excess) occurs when there are more homozygotes than expected under HWE. Currently, tests used to determine statistically significant deviation from HWE have low power when allelic diversity is high and sample sizes are moderate (Guo & Thompson 1992) . However, failure to meet HWE is not typically grounds for discarding a locus. Heterozygote deficit, the more common direction of HWE deviation, can be due to biological realities of violating the criteria of an ideal population, such as strong inbreeding or selection for or against a certain allele. Alternatively, when two genetically distinct groups are inadvertently lumped into a single sampling unit, either because they co-occur but rarely interbreed (unbeknownst to the sampler), or because the spatial scale chosen for sampling a site is larger than the true scale of a population, there will be more homozygotes than expected under HWE. This phenomenon is called a Wahlund effect and may be a common cause of heterozygote deficit in population genetic studies. Both of these causes of heterozygote deficit should affect all loci, instead of just one or a few.
Null alleles
Null alleles are those that fail to amplify in a PCR, either because the PCR conditions are not ideal or the primer-binding region contains mutations that inhibit binding. In our study, primers of the six loci failed to amplify in the common carp, and primers of some other loci could not amplify specific products. This could be due to one or both primers being designed across the junction of the spliced ends of exons in the EST sequence, which in genomic DNA is interrupted by an intron (Cordeiro et al., 2001) , or due to the inaccuracy of some EST sequences. As a result of null alleles, some heterozygotes are genotyped as homozygotes and a few individuals may fail to amplify any alleles. Often the mutations that cause null alleles will only occur in one or a few populations, so a heterozygote deficit might not be apparent across all populations. A simple way to identify a null allele problem is to determine if any individuals repeatedly fail to amplify any alleles at just one locus while all other loci amplify normally (suggesting the problem is not simply poor quality DNA). If re-extraction and amplification still fail to produce any alleles at that locus, it is likely that the individual is homozygous for a null allele. In addition, a statistical approach to identifying null alleles can match the pattern of homozygote excess to the expected signatures of several different causes of homozygote excess and estimate the frequency of null alleles for each locus. The software MICROCHECKER (Van Oosterhout et al. 2004 ) is designed for this aim. A more technical way to detect null alleles is to examine patterns of inheritance in a pedigree (e.g. Paetkau & Strobeck 1995) . Redesigning primers to bind to a different region of the flanking sequence, or adjusting PCR conditions can often ameliorate null allele problems. Many researchers are quick to use highly stringent PCR conditions without considering the downside that it inflates the chances for null alleles. A low incidence of null alleles is usually only a minor source of error for most types of analyses, but for certain analyses e.g. parentage analysis, even rare null alleles can confound results and any loci with strong evidence of null alleles should be excluded.
Mendelian inheritance
Mendelian inheritance of alleles is a requirement for almost all population genetic analyses for diploid vertebrate species (Jarne & Lagoda 1996) . Because relatively few studies report tests for Mendelian inheritance, it is still unclear how common nonMendelian inheritance is across taxa. Potential causes of true non-Mendelian behaviour are sex linkage, physical association with genes under strong selection, centres of recombination, transposable elements, or processes during meiosis such as nondisjunction or meiotic drive (segregation distortion). These processes can have severe effects, such as only one parental allele being passed on to all offspring. Performing defined crosses and genotyping a large number of offspring can be quite challenging or impractical in some species, and straightforward in others, such as those that brood their young. Microsatellite loci in any polyploidy species have a high likelihood of occurring multiple times throughout the genome and this will confound analysis, so in particular inheritance should always be examined for polyploidy. Even in diploid or haploid species, duplication of loci can be common and potentially problematic. Any case of a locus displaying more than two alleles per individual (that is not traceable to cross contamination of samples) should be discarded from most analyses. It is important to note that automated sequencers are set by default to call only two alleles per locus, and will return apparently valid allele calls regardless of the actual number of amplification products produced; for this reason, automated sequencer allele calling should always be double checked by an experienced operator.
Gametic disequilibrium
When two loci are very close together on a chromosome, they may not assort independently and will be transmitted to offspring as a pair. Even if loci are not linked physically on a chromosome, they can be functionally related or under selection to be transmitted as a pair (hence the more accurate term gametic disequilibrium is starting to replace the term linkage disequilibrium). While functional linkage would be unusual for microsatellite loci, microsatellites can be clustered in the genome and gametic disequilibrium should always be tested. Gametic disequilibrium creates pseudo-replication for analyses in which loci are assumed to be independent samples of the genome. Like tests of HWE, gametic disequilibrium testing has low power for highly polymorphic loci, so examining confidence intervals on estimates is recommended. Several user-friendly software programs (most of them are accessible online), such as ARLEQUIN, FSTAT, GENEPOP, GENETIX, and MICROSATELLITE ANALYZER, include tests for gametic disequilibrium by searching for correlations between alleles at different loci. One type of linkage that this test will not catch is sex linkage; however, sex linkage will produce an apparent heterozygote deficit that resembles a null allele problem. Lastly, there are many ecological questions that can benefit from the study of linked loci (Gupta et al. 2005) . For instance, inter population variation in linkage can correlate with the history of bottlenecks (Tishkoff et al. 1996) .
Prospects
The option of mining microsatellites from DNA-sequence databases has clearly advanced our understanding of evolutionary processes, leading to the formation of repeats in the genome and their selective advantage for the organism. Information on microsatellite distribution in the genomes is a prerequisite for an in-depth understanding of processes determining the formation of microsatellite regions in genomes. This can be obtained either by de novo mining of repeats in genomic sequences or by accessing a database cataloging microsatellite repeats along with their genomic positions. Despite many advantages, microsatellite markers also have several challenges and pitfalls that at best complicate the data analysis, and at worst greatly limit their utility and confound their analysis. For example, there are some taxa for which new marker isolation is still fraught with considerable failure rate, such as some marine invertebrates (Cruz et al., 2005) , lepidopterans (Meglecz et al., 2004) and birds (Primmer et al., 1997) . If mutations occur in the primer region, some individuals will have only one allele amplified, or will fail to amplify at all (Paetkau & Strobeck 1995) . Several taxa seem more often beset by amplification problems than others, notably, bivalves, corals and some other invertebrate taxa (Hedgecock et al., 2004) . On the other hand, because the cDNAs from which ESTs are derived lack introns, one possible concern with EST-SSRs is that unrecognized intron splice sites could disrupt priming sites, resulting in failed amplification. Alternatively, large introns could fall between the primers, resulting in a product that is either too large or, in extreme cases, failed amplification. In some cases, it may be possible to redesign the primers to exclude troublesome introns. A large amount of organisms on the earth are directly or indirectly important to human life. However, only a small fraction of them are under comprehensive studies using modern science and technology. Due to the limitation of investment and funding, only a very low percentage of organisms have enough DNA or protein sequences, although they may be economically or ecologically important. Sequence data are expected to accumulate in more diverse species. An optimistic trend in recent years is that with the advance in sequencing technique (e.g. 454 sequencing by Roche) and the increase of invest by government and private companies, full genomic sequences, EST or BAC sequences, have been increasing rapidly, especially in some domestic animals and plants as well as some model organisms. The recent trend is to cross-amplify molecular markers across a set of closely related genomes. Microsatellites associated with quantitative trait loci (QTLs) and agronomically important genes remain a good candidate for the development of specific markers. The low cost of their generation and ease in documentation are two of the important relative advantages of these sequences over equally promising single nucleotide polymorphisms (SNPs). Microsatellites can thus firmly be expected to have an important role in genomics research in the future and mining microsatellites from DNA databases is likely to take center stage to come.
Conclusion
With the increasing accumulation of the nucleotide sequence data in both private and public databases, and the invention of more efficient computer-based tools, mining some valuable biological resources, such as microsatellites and SNPs, from the raw DNA data, has become one of the most popular areas of biological studies today, bioinformatics. Development of SSRs by data mining from sequence data is a relatively easy and cost-saving strategy for any organisms with enough DNA data. This is a very good example from data to knowledge, and from knowledge to basic and applied studies for biology, production, conservation and management of many organisms.
